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ABSTRACT

When non-conventicnsl guns are to be consildered or vhen detalled design
information is required, interior ballistic calculetlions become more difficult
and time-consuming. To deal with these proﬁlems, the equétions which describe
the interior ballistie performesnce of guns and gun-like wespons have been pro.
gremmed for the high-speed digitai computers available at the Ballistlc Research
Laboratories. The msjor innovation contained in the eguetions derived in this
report is the provision for use of propellant charges made up of several pro-
pellants of different chemicel compositions and different grsnuletlone. Re-
sults obtained by the method described in this feport compere favdrably with
those of other interior ballistic systems. In additlon, considersbly more de-
tail is obtained in fer less time. A comparison with experimental date from

well-instrumented gun-firings 1s also presented to demonstrate the velidlity of
this method of camputation.
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LIST OF SYMBOLS

2
acceleration of projectile, in./sec
constant defined by Equation (28a), dimensionless

ares of base of projectlile including appropriete portion of rotating
band, in.” ' '

covorume of 1 th propellant, in.3/lb
diameter of bore, in.
specific heat at constant volume of 1 th propellant (cv is a function

of T), in.-1b/1b-% 1

mean value of specific heat at constant volume of 1 th propellant

(over temperature range T to T, ), in.-1b/1b-%%
1

mean value of specific heat at constant pressure of 1 th propellant
(over temperature renge T to T, ) in,-lb/lb-OK
1

initial weight of i th propellant, 1lb
initial weight of igniter, 1b

diameter of perforetion in 1 th propellant grains, in.

incremental time, sec
incremental temperature, oK

incremental Clstance traveled by projectile, in.

mass fraction burning rate for i th propellant, sec'l

outslde dlameter of i th propellant grains, in.
energy lect due to heat loss, In.-1b

kinetic energy of propellant gas and unburned propellant, in.-1lb !
energy lost due to bore frictlion and engraving of rotating band, in,-lb i

funetional relationship between S, and z

1 1
resultent axial forece on projectile, 1b




frictional force on projectile, lh

"force" of 1 th propellant, in.-1b/1ly

"force" of igniter propellant, in.-1b/lb

prepulsive force on base of projectile, 1b

gas retardation force, 1lb

constant for conversion of weight unlits to mass units, in./sec2
funetlonal relatlonship between P, and x

burning rate velocity cceffilcient, in.
sec in./sec

burning rate displacement coefficient, in.
sec-1in.

length of 1 th propellant érains, in.

specific mass of 1 th propellant, lb-mcls/mol
mass of projectile, slugs/12

nunber of propellants, dimensionless

retio defined by Equation (28b), dimensionless

number of perforations in 1 th propellant grains, dimensionless

space-meen pressure resulting from burning i propellants, psi
pressure on base of projectlle, psi |

pressure of ges or alr shead of projectile, psi

space-mean pressure resuiting fram burning of 1 th propellant, psi
igniter pressure, psi

breech pressure, psi

resistance pressure, psi

energy réleased by burning propellant, iun.-lb

linear burning rate of i th propellsnt, in./sec

adjusted linear burning rate of 1 th propellant, 1n./sec

.
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functional relgtionship between r, and p

surface area of partially burned 1 th propellant grain, 1n.2

gurface area of an unburned i th propellant grain, 1n.2 i

time, sec
mean temperature of propellant gases, OK

adiabetic fleme temperature of i th propellant, OK
adiabatic flame temperature of lgniter propellant, oK

temperature of unburned solid propellant, OK

two times the distance each surface of i1 th propellant grains has receded
at s given time, in.

internal energy of propellant gases, in.-1lb

veloeity of projectile, in./sec

velocity of projectile at muzzle of gun, in./sec

specific volume of propellant gas, in.3/lb

volume behind projectile avallable for propellant ges, in.3

volume of an unburned i th propellant grain, in.3

volume of empty gun chamber, in.3

external work done on projectile, in.-lb

welght of projectile, 1b

travel of projectile, in.

travel of projectile when base reaches muzzle, in.
fraction of mass of i th propellont burned, dimensionless
fraction_ﬁf mess of lgniter burned, dimensiénless
burning rate exponent for i th propellant, dimensionless
burning rate coefficient for 1 th propellant, io, 1 _

gec Psioz

effective retlc of specific heats as defined by Equation (27a), dimensionless
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yi ratlio of specific heats for i1 th propellant, dimensionless
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A\ ratio of specific beate for igniter propellant, dimensionless
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Pidduck-~Kent constant, dimensionless

'

A
p, density of i th solid propellant, 1b/in.”
1
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INTRODUCTION

The interior bellistician must frequently predict the interior ballistic
performance of guns, In some instences, it is sufficient to caleculate muzzle
veloclty and maximum chember pressure for & conventional gun from e knowledge
of the propellant charge, the projectile welght, and the gun characteristics,
This calculation is ususlly referred to &s the classical central problem (1)*
of interior ballistics. When non-conventionasl guns are considered or when
detailed design information is required, it is necessary to know more then
these two salient values., For the more demanding problems, complete interior
ballistic trajectories may have to be calculated. These trajectories consist
of displecement, velocity, and acceleration of the projectile and chember pres-

sure, all as functions of time.

The literature of lnterior ballistics contains descriptions of many methods
for solving the problem of preditting the performance of guns. (1) (2) Methods,
varying from the purely empirical to the "exact" theoreticel, have been devised
in tables, graphs, nomograms, slide rules, and simplified equations solved in
closed-form. Some of these methods require deta from the firing of the gun
being considered or from a very similar gun. All of these methods require some

simplification of the basic equations of interior baellistics.

To eliminate the restrictions imposed by assumptions made only to facil-
itate the mathematical solution of the problem, the interior ballistic equations
have been programmed for high-speed electronic computers. Both analog and dige
ital computers have been used to calculate detalled lmterior ballistic trajec-
tories. There are edvantages and diaadvantageslassociated with eéch type of
computer. Several years ago, (3) the interior ballistic equations were pro-
grammed for the digltal computers'* availlable here at the Ballistic Research
Leboratories. Since that time, considerable use has been made of this program
for studylng gun and gun-like systems and for routine calculations.

¥ Buperscripts indicate references listed at the end of this report.
#% Although the interior ballistic equations were originelly programmed only

for the ORDVAC, (4) they have been recently reprogrammed in more general
gorm () for the ORDVAC and the mewer BRLESC.

11
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The computer progrem described in thils report has been designed to salve
& set of non-linear, ordinary differential and algebraic equations which simu~
late the interior ballistic performance of a gun, In this method, the usual
set of equations which pertains to the burfing of -a.single propellant haé been
modified to account for the burning of composite charges, i.e., charges made
up of several propellants of different chemical compositions end different
gra;nula.tions.* The computer program may be sultebly modified to study non-

conventional guns and gun~-like systems. A number of these optionel programs
*¥ .
have been devised and used extensively.

INTERIOR BALLISTIC THEORY
Interior Ballistic System

The baslic components of the interior balllstic system for a conventionsl

gun are shown in Flgure 1. A set of equations can be formulated which math-

ematicelly describes the distribution of energy originating from the burning

CHAMBER PROJECTILE
‘ ‘TUEE

PROPELLANT- IGNITION SYSTEM

Plgure 1. Basic Components of the Interior Ballistic

System for a Conventional Gun

* The presen‘b‘progr‘e.m'can be operated with as many as five different types of
propellant charges for each problem.

** See Sectlon entltled QOptions to Routine.

12




propellant and the subsequent motion of the components of the system. In the
development which follows, two major assumptions are made to sccount for the
behavior of composite charges:

1. The totel chemical energy availsble ls the simple sum of the chemical
energles of the individusl propellants.

2. The total gas pressure is the simple sum of the "partial pressures"
resulting from the burning of the individual propellants.

Energy Equation

Application of the law of consefvation of energy leads to the energy equa~
tion of interior balllstics. This may be written as:

Energy Released . Internal Energy + External Secondary
by Burning Propellant of Pyopellant Gases Work Done Energy Losses
on Projectile (1)
or:
Q =U + W + Losses (1a)

In Equation (la) the energy relessed by the burning propellant (Q) is assumed
to be equal to the simple sum of the energies released by the individusl pro-
pellants &s previously stated. Therefore: '

n ’I'0
_ i
Q -z [cizi fo c"i d'I']
1=1 (2)

Becausge of gas expansion and external work performed in a gun, the gas temper-
ature is lese than the adisbatic flame temperature (To ). The internal energy

of the gas (U) is then: b
n T
U =Z[Cizi ! cvi dT]
1=1 o (3)

The external work done on the projectile is given by:

X

o ‘/; P (4)

13
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Substituting Equations (2), (3), and (4) into Equation (1a) gives:

n T n
> [ore [ o] [ " +
Z Cizi Cy dT_. = Z [ciz1 cy d'l‘] + A j(') Py dx + Losged

10 0 1 {1 0 1

e prae nn-mrﬂ"ﬂ"ﬁ”'ﬂ‘mﬂmg

which may be rewrltten as:

n Toi % .
C.z f c ar| = A f p. dx + Losses (5)
i1 v b
T i 0
i=1
As the ¢y do not vary greatly over the temperature ranges from T to To P
i 1
they can be replaced with mean values (Ev ). Integration of Equation (5)
gives: 1 '
n %
z ¢ 2,0, (T, -T) =A f p, dx + Losses (6)
i i 0
1=1
and solving for T:
n
- X
ZCizi cqu Toi - Aj; pb dx -~ Losses
p o 171 (1)

n
z “1*1 Sy,
i

Next, the "force" of each propellant is defined by:

F, =mRD’
i i 01 (8)

and the well-known relations:
- - |
cpy - ¢v; =mR : (9) )
i
and: EP :
7y o= ;
T, o
1 (10) ]

are introduced.

1k
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Combination of Equations (9) and (10) glves:

iy, 7y - 1) = m (139

Substitution of Equation (11) into Equetion (8) gives:

i
-1) Ev
i (12)
Finally, substitution of Equation (12) into Equation (7) gives Rsal's equation
in the form:

(7y

n
F,Cy2y

X
- =1 - A j; Py, dx - Losses

A,

n
:E: 1714
7, - 1) T
i=1 i o (13}

For most problems, it is convenilent to assume the igniter campletely burned
(zI = 1) at zero-time. Equation (13) msy be restated as:

© F,C,z F.C x '
1711 II
+ dx - Losses
- i=1 71-1 71-1 0 .

n

:E: F C z . .FICI -

)
(v —*)T (7p-1) T
=1 i Oi I OI (lh)

X
The terms A j’ p, dx and Losses of Equation (14) ecan now be considered
0

in more detail. The work done on the projectile results in an equivalent galn
in kinetic energy of the projectile except for losses. Including these losses
under the general categoﬁy of energy loasses:

. X W
P 2
A fo pb dx = 1/2 _8 v (15)

15
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According to Hunt, 2)

(1)

(2) kinetic energy of recoiling parts of gun and carriage,
(3) heat energy lost to the gun,
(4) strain energy of the gun,

(5) energy lost in engraving the rotating band and in overcoming friction
down the bore,

and

the energy losses to be considered are:
kinetic energy of propellant gas and unburned propellant,

(6) rotational energy of the projectile.

For discussion of each type of secondary energy loss, see Reference (2).

Types (2), (4), and (6) are estimated to be less than one percent for each
category and have been neglected here.

The kinetic energy of propellent gas and unburned propellant can be repre-
sented by

n

?
Z Ci)"
i=1
Ep T T 2gd

(16)
The energy losses resulting from heat lost to the gun can be estimated by a
semi-empirical relationship described by Hunt:(z)

¢c, T
=1 i o

1 T\ 2
1.5 Vo 2
0.38¢ (xm+ K') A

=1

0.6¢ 2.175
1+ —-—-——-—n 85 vm
(1=1 1)

(17)
At the present time, the introduction of a more scphisticated treatment of heat
loss, with 1ts attendant complexity, does not seem to be warranted.

Such a
substitution can be made if and vhen it appears desirable.
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The final energy losses to be considered here consist of those resulting
from engraving of the rotating band, friction between the moving projectile
ahd the gun tube, and acceleration of air ahead of the projectile. Individual
estimates of these ‘are difficult to meke, so they have been grouped as resis-
tive pressure in the form:

X
Epr = A f P, dx
0 (18)
The 1 versus x function 1s discussed in greater detall in the section concern-
ing forces acting on the projectile.

Substitution of Equatioms (15), (16), (17), and (18) into Equation (1k)
results in the form of the energy equation used in this computer program:

n n
[Z -Ficizi] , % f( y c ) x
=1 7y L 7 -1 2g wp+ g%l_ -Af p, d&x - B
T = o

n

DN b i A I o

~ ,-1J T (7.-L) T

=1 >4 h I op (19)

Equation of State

The pressure acting on the base of the projectile can be calculated from
& series of equations, once the temperature of the gas is determined from the
energy equation. Generally, the equation of state for an ideal gas takes the
form:

p,V, = m, B (20)

vwhere Vi = the volume per unit mass of 1 th propellant ges.

Now, define Vc, the volume behind the projectile which 1s available for pro-
pellant gas, as:

17




R “ﬂqmmwgﬁ

SO 0T

15

Volume Available Initial Empty Volume Resulting
for Propellent = Chamber Volume + from Projectile
Gas Motion

Volume Occupled Volume Qccupled

- by Unburned - by Gas Molecules
S011d Propellant (covolume) (21)
. n

or: Vo=V o+ Ax - ZC (1-2,) 201

By the definitions of Equations (20) and (21),

1°1 : (23)
Substituting Equations (8) and (23) into Equation (20) «nd rearrenging gives:

11
Py v'r
(o]

1 (24)
If the bi are assumed to be constants over the temperature range from T to
To ; end if the total gas preesure is taken as the simple sum of the "partial

pr%ssures" reaulting from the burning of the individuel propellsnts as pre-
viously stated, then:

F.C zi T

) n n Ficizi
R -5 —
i=1 C 1=1 (25)

As before, if 1t is assumed that the igniter is completely burned (zI =1)
at zero-time, Equation r25) may be restated as:

n

F C Z FICI
TB
1=1 °1 1 (26)

18
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The space-mean pressure, f>, glven by Equation (26) is used in the cal-
culation of the fractlon of propellant burned at eny time. This relatioriship
1s discussed in the sectlon concerning burning rates. There 1s, however, a
pressure gradient from the breech of the gun to the base of the projectile
which must be consldered in developlog the equations of motion for the pro-
Jectile. This pressure-gradient problem was first considered by Lagrange end
is commonly referred to as the Lagrange Ballistic Problem. Later studies in
(8) and others. For this
computer program, the improved Pidduck-Kent solution developed by Vinti and

this area were made by Love and Pidduck, (7) Kent,

Kravitz has been uged:

L] ]

Wo *
P (27)
In addition the breech pressure, po, is calculated by the method contained

in Reference {6). This 1s the pressure usually measured in experimental inte-
rior ballistic studies:

Py
P = —-——r——
o] (l_ao)-n -1
(28)
2 nt+3 2 (nt+1)
vhere: l/ao = 5 + 3 »

T Gy (282)
i=1

Tn Reference (6), the determination of B dependa on the ratio of specific

heats, 7. For composite charges, an effective value n
is used for this purpose. ' z
y 1= =21 i
n
N

1=1 (278)
19 .
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1
end n' = ——
ytal (28n)

Mass-Fraction Burning Rate Equation

Both the emergy equation (Equation (19)) and the equation of state (Equa-
tion (26)) ere algebraic equations whose solutions depend upon the solutions

of severael non-linear, ordinary differentisl equaticns. The mase-fraction burn-

ing rate equatlon expresses the rate of consumption of solid propellant and

hence the rate of evolubiun of propellant gas. This may be written as:

1= _ Si ri

dt vgi | (29)
where: r, = Ri (p) (30)
and: S, = f; (Zi) (31)

For most gun propellants, Equation (30) may be quite satisfectorily stated as:

ry = 8, (B)% (32)
For certain propellants, Including those plateau and mesa types used in
solid-fuel rockets, Equation (%2) wili not suffice for gun calculetions. In
these cases, it 1s preferable to make use of a tabular listing of ri's and
corresponding p'es (Equation (30)) and to interpolate for the desired r,. The
r,'s calculated by either Equation (%0) or Equation (32) are closed chamber
burning rates. As discussed in later sections of this report, these burning
rates may be increased by addltlon of factors proportional to the velocity and
displacement of the projectile in the following manner:

. ' - :
ri ri + Kv v+ K& X

(32a)

20
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-Similarly, the form function described by Equation (31) may be stated
in one of several ways. In many interior belllsgtic systems, the form function
is chosen for convenlence of analytical solution. Where routine numerical
computations are handled by use of & high-speed digital computer, the geomet-
rical form of the propellant grain may be used to obtain the functionel rele-
tionehip, fi’ between Si and Zy For the usual grain shapes encountered, these
equations are given in Appendix A. Thie Appendix also contains the method for
hendling such equations in the computer routine. To extend these equations to

include propellant slivering see Reference (9).

Equations of Projectile Motion

The transletional motion of the projectile down the gun tube may be cal-
culated from the forces acting on the projectile. Figure 2 shows the axial
forces considered in determining the resultant force.

Fp ——b

Pigure 2. Axiel Forces Acting on Projectile

The propulsive force, Fp, is that resulting from the pressure of the
propellent gas on the base of the projectile according to:

Fo= DA (33)

vhere. p, 1s obtained from Equation (27).

The frictionsal force, Ff, is the retarding force developed by resistance
between the bearing surfaces of the projectile and the inside of the gun tube.
This is usually the resistance between the rotating band snd the rifling of
the tube and includes the force required to engrave the rotating bend, It may
be expressed as:

Ff = prA (3,"')

21
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The determination of P, is difficult in most cases. Many interior
ballistic solutions use an increased projectile mass (approximately 5%) to
sccount for 1ts effect. There are several disadvantages inherent in such a
treatment. Although the muzzle velocity may be calculated reasonably well,
the detalled trajectory will be altered considerably.

It 18 not possible to
simulate the case where a projectile lodges in the bore (see Reference (10)

for experimental trajectories for this condition).

For thils computer program,
experimental data of the type glven in Reference (11) may be used by insert-

ing a tebulation of the function:

p,. = G(x)

(3k4a)

The gas retardation force, F, 1s that which results from the pressure
of air or gas ahead of the projectlle, stated as:

Fr = pgA

(35)

where p_ is small encugh t¢ be neglected except for very high velocity systems,
light gas pguns, and other special applicaiious.

In the discussion of the Energy
Equation in the Interlor Ballistic Theory Section, p was considered a part of J
g
The resultant force in the aexlal direction is then:

F =F -F,=-F
r

a D 3 (36)
or:
F, = A(p, - p, = P.): (37
The acceleration of the projectile, by Newton's second law of motionm,
is: Alpy, = 2, = 2,)
, M (38)
or: Ag (p, - 2y - P,)
as=
W
P (39)

22
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av . ax
Since a = I and v = T’

b

v =‘/. a dt

0 | (40)

the velocity of the projectile 1s given by:

and the displacement of the projectile is given by:
t

X =Jf v dt

0 (41)

Summary of Interlor Ballistic Equations

The equations which arc used in the computer program are now summarized
for ease of reference.

Energy Equation

n
n . . C x
Z Ficizi . FICI ) ﬁ a2 i A
7,-1 7.l 28 \p F /° Py dx - By
i=1 ‘1 I , 0
Z FiCy2y . FCo
1=1(y,-1)T (y.-1) T
i Oi I OI (19)
n )
cC.T
=1 1o
0 - T
. 0'38c s (xm+ K') : % C y VQ
where: =1 i
O'6c 2.175
T 4+ —— v 2
n 0.8375 n

( 1§=:1 Ci) | (17)
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Equation of State

n
FC,2 F.C
- _T 111) TI
*=, (Z T L (26)
1=1 °i 1 '

n Ci n
where: V_ =V, +Ax - z — (1-z,) -5 ¢,z,b,
=1 P4 =1

(22)
) D
Py f
c
e T
1+ i=1
W.o :
p (27)
Py
P, =
[} -nt-1
(l-ao) (28)
Mass-Fractlon Burning-Rate Equations
Z:“i i \71 517y
& (29)
- - a
or:
rty=T, v K VK X (32a)
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Equations of ProJectile Motion

a=4ag(p -2, -7)
Yp (39)
t
v = ‘/. a dt !
0 (L40)
t
% = v dt
0 (k1)

COMPUTATION ROUTINE

The set of non-linear, ordinary differential and algebralc equationms,
summarized at the end of the previcus section, simulates the interior ballistic
performance of & gun or gun-like system. A numerical computation routine has
been devised for the simultaneous solution of these equations. The general-
ized flow-dlagram for the routine 1s presented in Appendix B. Using the FORAST
language, (5) the solution has been programmed for the ORDVAC end BRLESC com-
puters.

Preliminary Routine

To reduce computation time and conserve memory space, & preliminary routine
has been introduced. Here all data required for the computation are reed into
the computer, constant groupings (e.g.,

F.C F.C C
11 PR » A s ete., are calculated and stored

for subsegquent use, snd date to permanently identify the computer run are print-
ed outs A complete listing of required input data may be found in Appendix C.
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Main Routine -

The mein computational routine is presented in fhe generalized £low-
dlagram of Appendix B. To follow the procedure, consider the three sequential
pheses of the prob:[.em:

Phase I - From time of ignitlon until the projectlle starts to move.

FPhese IT - From time of initial projectile motion until all propellants
are consumed,

Phase III - From time of propellant burnout until projectile leaves the
gun muzzle.

At the time of ignition (Phase I begins), it is assumed that the igniter
is completely burned (zI = 1) and none of the other propellants have started
to burn {all z $ = 0). The space-mean Pressure, consisting only of the igniter
pressure, 1ls calculated from:

FiCr
Ve (42)

Equation (42) 1s derived from Equations (19) snd (26) by means of the simpli-
fying ignition assumptions stated above.

I-)=p1=

The linear burning rate for each propellent can now be determined from
either Equetion (30) or Equation (32) in combination with Equation (32a). If
the interpolation indicated by use of Equation (30) is selected, the general-
ized interpolation sub-routine* 1s employed. The mess-fractione burned, z i's,
during a small time interval, dt, are determined by integration of Equation
(29). The surface arees of the unburned propella.nt (see Appendix A) ere used
in this initlal calculation. The Runga-Kutta method of numericel integration,
as medified by Gild, (12) is commonly used for the solution of sets of or-
dinary different:gal equations and has been employed here.

Calculation of the temperature, T, from Equation (19) and the volume
avallable for propellant ges, Vc, from Equation (22), will allow the calcu-
lation of the new space-mean pressure, P, at time, dt, from Equation (26). The
surface areas of the now partlally burned propellants are computed from equa-
tions presented in Appendix A, All rvesulis of interest are printod-out at this
time ** and these results used as initiel conditions for calculations during

* Bee Reference (18) for interpolation by divided differences.
#% See Appendix C for listing of output data.
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the ensuing time-intervel. Those terms in Equations (17), (19), snd (22) which
involve velocity or displacement are zero during this phese of the computation.
This calculation-loop is continued untll the spece-meen pressure exceeds é
pre-selected "shot-start” pressure and the projectile starts to move. Phese I,
which has been arbitrarily defined, ends at this time. '

Phase II requires the addition of the equations of motion to the sequence
followed during Phase I. Equatioms {27), (39), (40), and (41) are used to cal-
culate the values of the acceleration, velocity, end displacement of the pro-
Jectile at the end of each time interval. Integration specified in Equations
(40) and (41) is again performed by the Runga-Kutta-Gill method. Values of
velocity end displacement are now available for usg in terms of Equations (i),
(19), and (22). To compute values for EPr = A P, 6x, vhich is one of
the terms ln Equation (J_.9), the generallzed lnterpolation sub-routine must be
used to obtaln P, from the tebular information described by Equation (3La).
This integration is performed by use of the Trapezoldal Rule.¥

As time 1is increased by the addition of small time-intervals, calculations
during Phase II are continued around this expanded loop with print-out of appro-
priate results at the end of each time interval. One at a time, the propellants
are completely consumed and this phase is ended. A series of switches has been
incorporated in the program to circumvent the neceseity of introducing propel-
lents in any specisl order. In fact, it may not always be possible to predict
the exact order in which several different propellants will be burned out. The
combination of the propellant switches and the btart-ofemotion aﬁritch ma.ke.s it
possible to hanile problems where one or more propellents burn out before the
projectile starts to move.

-With all propellants consumed, Phase III begins, The mass~fractions burned
have all become unity end the equations comcerned with burning (Bquations (29),
(31), and (30) er (32)) ave eliminated from the loop. As in the other phases,

# Although the Trapezoidal Rule is a relstlvely crude method for numerical
integration, the accuracy of the P, versus x data avallable does not warrant

a more accurate and hence more complex method,
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results are printed~out at the end of each time~interval. A continual check
is made of the dlsplacement of the projectile to detcermine whether or not it
hes reached the muzzle of the gun. When the projectile pesses the muzzle,
Phase IIT hes ended and the program is stopped.

It 1s possible for the projectile to reach the muzzle (and the program
stopped) before Phase II 1s completed. This would simulate a gun~firing in
which unburncd propellant is ejected from the muzzle. It is also possible
for Lhe program to simlate o firing in which the projectile becomes lodged
in the tube. 1In this case, Phase IIT is not completed asnd the program is

stopped when the projectile displacement docs not increase.

Al caoch time-interval after the bepinning of Phase II, the breech pressure
15 determined from Eguation (£8) and printed out. This result 1s not used in
Lthe computational routine but 18 uced to compare theoretical and experimental
results. A conbinual check is made of the calculated pressures and the maximum
breech pressurc s stored with its associated time and projectile displacement.
This informulion 1s¢ printed-oul at the end of the program. Cealculations dur-
ing the last time-interval result in a projectile displacement somewhat greater
than the desired distance to the muzzle. A linear interpolation between re-
sults al the last two time-intervals is used to obtain results exactly at the

muszle, These results are also printed-out at the end of the program.

Options to Routine

A considecrable number of optlons have been designed and coded for special
problems, These 1include chenges which enable the program to be used for guns,
or gun-like weapons, which are not of conventional design (Figure 1) and changes
vhich vary the treatment of some of the individual parameters. It is expected
that the number of such options will increase as the program 1is used for a

greater number and variety of problems.

Typical options for non-conventional guns arc those for gun-boosted rockets,
traveling-charge guns, and light-gas guns of the adiabatic compressor type.
Lxemples of optlong for varied treatment of' individual parameters are those tor
adjusted burning rates (previously mentioned), inhibited propellant surfaces,
dclayed propellant ignition, varlable time~intervels, constent resistive pres-

sure, and resistive pressure &s a function of base pressure.
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DISCUSSION

No attempt hé.s been made here to present a new and different interior
ballistic theory. The objective was to devise a convenlent, fléxi‘ble gcheme
for performing the tedious numericel calculations required to obtein detailed
interior ballistic .tra.,jectories. The selection of a program for high-speed

digital computers hes made it possible to eliminate most of the simplifications
-of theory requlred to facilitate mathematical solutions by other methods.

The theory presented as the basls for the computer routine 1s well-known
and hes only been modified to account for cbmposite charges. There are seversl
problems present in all interior ballistic calculeitions end these slso prove
troublesome here. For cxample, useful propellant burning rates are not gen-
erally evailable. It 1s known that burning rates obtained from experimental
firings in closed chambers are usually low. The results obtained from limited.
gun-firings by the authors (11) indicate gun burning rates mey be twice closed
chamber burning rates under certain conditions. As previously mentioned, op-
tionel methods of adjusting closed chamber burning rates have been provided
for in this program. One such approach 1s to consider the burning rate to be
e function of the projectile veloelty (and possibly e function of the projec-
tile displacement) in addition to its knowm dependence on pressure. This ‘
method results in the use of closed chember burning rates when the gun chamber
is practically e closed chamber (v and x are effectively zero). When the pro=
Jectile is moving at higher velocities and is further down tube, reasoneble
increases in burning rates are obtalned and used. Other equally important dife-
ficulties are mssoclated with the determination of reasonsble values for resis-
tive pressure and shote-start pressure.

Considersble versatility has been built into the program. Instead of
stopping the computation at the end of Phase III, & new problem cen be auto-
matically read into the computer and solved. This multiple~case feature can
be employed to advantage for any number of additional problems during a single

computer rune.

Typical interior ballistic problems were used to compare results obtalned
from this computer routine with results from other interior ballistic schemes.
(13), (14), end (15). The agreement was generally very good when the other
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DISCUSSION

No attempt hé.s been made here to present a new and different interior
ballistic theory. The obJjective was to devise & cox_wenieht s flexible écheme
for performing the tedious numericel calculations reqguired to obtain deta.iied
interior bellistic .tra,jectories. The selection of a program for high-speed
digital computers has made it possible to eliminate most of the simplifications _
-of theory required to facilitate mathematical solutions by other methods.

The theory presented as the basis for the computer routine is well-knovm
and hes oaly been modified to account for composite charges. There are sevéral
problems present in all interior ballistic calculations and these also prove
troublesome here. For example, useful propellant burning rates are not gen-
erally available. It is known that burning rates obteined from experimental
firings in closed chambers are usually low. The results oblalped from limited
gun-firings by the authors (11) indicate gun burning rates may be twice closed
chamber burning rates under certaln conditions. As previously mentioned, op-
tional methods of adJjustling closed chamber burning rates have been provided
for in this program. One such approach is to consider the burning rate to be
a function of the projectile veloecity (and possibly a function of the projec-
tile displacement) in addition to lts known dependence on pressure. This '
method results in the use of closed chamber burning rates when the gun chamber
is practically a closed chamber (v end x are effectively zero). When the pro-
Jectile is moving at higher velocities and 1s further down tube, reasonable
increases in burning rates are obtained and used. Other equally important dif-
flculties are assoclated with the determination’ of reasonable values for resis-

tive pressure and shot-start pressure.

Considerable versatility has been built into the program. Instead of
stopping the computation at the end of Phase III, a new problem cen be auto-
matically read into the computer end solved. This multiple-case feature can
be employed to advantage for any number of additional problems during & single
computer run, '

Typicel interior ballistic problems were used to compare results obtained
from this computer routine with results from other interior ballistic schemes.
(13), (14), end (15). The agreement was generally very good when the other
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schemes were falrly sophleticated. Ip addition, detailed interior 'balli'st_:tc
trajectories are produced in considerably less time than 1t tekes to calculate
maximum pressure and muzzle veloclty by other systems. A typlcal computer
solution foi' a conventional gun tekes only 10 seconds if maghnetic tepe output
is used with the BRLESC.

Resulte from computer simulations have also been compared to experimental
dete obtained from well-instrumented gun firings. To demonstrate the adequacy
of the computer routine, data If‘rom a typical 105mm Howitzer firing were pro-
cessed by the method described in Reference (11). Tn Appendix D these experi-
mental results are compared with the predicted results obtalned from a simu-
lation of this firing.

Poul R, Boarn
PAUL G. BAER

S e Frandl

JEROME M, FRANKLE
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Geometrical Equations
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FORM FUNCTION EQUATIONS

Initial Volume of & Propellant Grain

vsi -5 (D12 -
where; V

Di

N

a4

Ly

Volume of & Partially

2
N,4,7)L

= outside diameter of grain, in.

[

i

o

length of grain, in.

Burned Propellant Grain

diameter of perforation, in.

(A-1)

= volume of an unburned propellant grain, :1.:1.5
i .

number of perforations, dimensionless

Vgi(l - zi) = {{ _[(1)i - uy )2 - N, (c.1 + ui)a] (Li - ui) (A-2)

where: z 3

Yy

tt

given time, dimensionless

at a glven time, in.

Initisl Surface Aree of a Propellant Grain

&

where: S
1

g, = * [(Di ) (@) S

2 2
Di - Nidi ]

mass~fraction of i th propellant burned at a

two times the distance each surface has receded

(A-3)

= purface erca of en unburned propellant grain, :|.n.2

Surface Area of a Partially Burmed Propellant Grain

By == {[(Di-u1)+ni(di+ui) I Li'“i]* 5 )

where : 8 1

= gurfece area of partielly b
grain at a given time, in.
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Equations for Newton-Rephson Method* for Finding Approximete Velues of

the Real Roote of & Numerical Equation

1. Resrrange Equation (A-2) to set f(ui) = 0:

u) = £ -1 u’ - [r,m-1) -2ma)] u?

1/ 7§ 1 1 1% 17945 | Y
- [2]'.. (D, + N,4,) + (D2-Nd2)] u
1Y 171 1 i71. i
1, 0f -mad) - vy, (1) (a-5)
2. Differentiate Equation (A-5) with respect to u,
a [£(u)] :
_ i =« 2
1 (ui) = T =y {3(Ni-l)ui
1
-2 [Li(l\li-l) -2 (Di_+ Nidi)] u
-[2L(D+Nd)+(D2-Nd2)] (A-6)
1\ P10 1 1%
3. The value of the root of Equation (A-2) it then:
f(ui)
By1 ® Y " T (a-7)
where: Ugpq @ the improved value of the root, where the
first estimate of the root is u,.

Procedure
1. For each prbpellant,'determine z, by integration of Equation (29). In the

initlal calculation of each Zys Equation (A-3) is used to compute each

8, (Si = SS when u, = 0). For subsequent calculations of each z,, Bquation
i

(A-L) is used with u, determined as described below.

* See Reference (16) for e discussion of this method.

38

Gt n iy e

Tl SRS o,



TN LTV S R 1 RRY W TIRRRAr ™ MO TR R Y NG ST O AT 1 LT GO AT D R ¢ e

2. The z,'s obtained from Equation (29) are used %o compute the ui'a from
Equetion (A-7) and then the new 8 4's are computed from Equation (A-h).

In the inltial calculation of ui

Equation (A-7) 1s used to calculate the improved velue, e With w,,
as the estimate, Equation (A-T) is used again to calculate & further-improved
value, Uy, ae This procedure is continued until the improvement is less than

10~ inch.

39
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APPENDIX B

Computetion Routine

Generaslized Flow Diagram
FORAST Listing
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Interior Ballistics Program for Guns
FORAST LISTING

PROARK. 1 AL4MO pe byl -rv.r‘r.nm SLN BALL ICTIAD - H
BLOC(PRL-PHZ0)Y AC1=ACDIK I *K7)Y1=aY7)1T4=T5)1I0=1)5)S{~85)R1~K5) npoy i
BLOC(R(:1-BCBICGL~-Cn5)I0CI-NOD)ECI~FLS)IRCI-RGS)IICH~1C5) JCL=~UCB)IFCimeCB) O0U4
BLOC(O1=07)C1=CSIF1~FBIGAL=GASICOVI=CNVE)TO1=TOS)RKOY - ~RHO5)BET1=BET5) 0005
RLGG(NCZ1-DE/5)ANL~-ANT1(4) A48
CONTALPL~ALPS)NL=DS)I(DP1~DRSIL1=LEINFI=NPSIXC1=-KC2NIHC1=HC5H) 0006
1 ENTERUASREADIANE)13)S 2
READ=FQORMATIOL) (W) XMIVOIARIPEINE | }PPHAX) X 8
READ-FURMAT(U4)={CIDFIIGATITOI)Y 1008
READ-FURMAT({OL)=(DTINLIKVIKXIDIEVPYIS SET(J=0)% 9
} Bi.1 PEAD-FORMAT(OL)~{XC1,JIFR1,J)% COUNT(20)INCJIGOTO(RL, 1) 1n
FNTERCINTEGERINZIN)IESET( J=0)% [NTINCPe=24N)% 0014
B2 HEADFURMAT(OL)»{C1,J)FL,J)GAL,JICOVT.J)TO1,JIRHOYL,J)X 12
co WL AD=r URNMAT{U )= (RETI, DALPL, DT, HDP1, L1, JINFL, )% 1012
COUNT (L NIINLUIGOTO(R2)YISFT(J=0)% 6013
B2.1 ENTERCA,PIUNCH)ANL) 3% ENTER(A,PUNCHYANBY 1)K 14 |
N ENTERCA,PYUNCH)IAND Y1) 18
PHANCH=FORMAT(02)=<I > {WPIXMIVUIAPIDELIPFIPPMAXICADK 18
3 ENTER(A,PUHCH)ANBO)1)% ENTERC(A,PUNCHYANI7)Z) S 17
- PUNCH=F QRYMAT(03) ~<ID(CIIFIIGATITOTICIGNTTERAD & 1019
B3 PUNCE=FORMAT(04)=<12(C1,JIFLsJIGA1, ICOVI,JITO1 s JIRHOL, JIKADK is8
CouNTC,NYINGIG0T 0(BS) X SFTCJ=u)® ENTFREA.PUNCHIANBDI L)X 19
ENTERCA,PUNCHIANSZIL) 20 -
83.1 PUxGr=FOHMAT(05) =<1>(RET1, JIALPL,. DD, 0IDNPI v LI, UINPI,JICADK 21,
COUNIC,NIINGJIROTO(B3,10% SET()a0)s FNTER{A.PUNCH)IANED) )Y 22
ENTER(APYNCH)ANGL) 2) Y 23
B3.2 FUNCH=FORMATI0A)=<I2(XCL, JIPRE,JI<AD% 24
COUNITC20YIN(IGOTO(RA,2)% SET(U=20)% ENTER(ALPUNCHIANBOY1)YX 28
ENTEHCALPUNCH)ANDT7)2)% SET(SWP=H81R,.1).)0Pz0)STUCKEE18,5)% 26
PUNCH=FORMAT(D7)=<I>(DTINLIKVIKXIEVPINICADS 27 |
B84 RCI1mFT14CI/Z({GAl=1)% ACI=BCI/TOLIXCCT=FT+Cl/TOI% EVM=EVP#12% 0035
B4,1 HC1,J=F 1, J*C1, /7 (GAL,J-13% ACY,J=RC1,.0/T01,J% CC1,usF1,J+81.d7 0036
COMNTTOY1,U% 0037
DC1,u=CLs J/7RHDTI I UN ECL,JURCL,U*COVL, X FCLrUBNPLI U~1% 00388
GC1aJm 1, (NPT, Jo1)=2(D1,J+NP1,Je3P1, J)8 0039
HCT,Uz09i 1, J(D1,J+NF1, J*lITP,J)+ (01, Jee 20~ NPl»JtDP1:Jt¢2)5 0040
IC1sJ=L 1, (DL, Je92-NPL,JeDPL, Jos2)x 0041
JCi,02d, 1416#!01.J/4n00uNrt:N;IN(J)GOTOKB4.1)xQET(JIU)x 0042
B 85 CT=0%TPL=n% 0043
B5.1 TA18CY, JoGAL, J+TPLy CT=CT, y+CTy COUNT(,LNIINC(JIGOTO(BE. 1)K 0044 |
GAPRTP1/CV4SET(JEN)RGAF3BAP/{RAP1 )XFP=CT/nufyn 0045 1
" EP1=21+EP/DELATPL=L/(GAP-1)RTP 221/ (24TP1+3)/NEL+(24TR1+2)/EP )X 0046
MCTD=WkeCT/DELXTFP4=()XAGWS AP #3BA.4/7WPY 0047
- EPRREXP (GAF#LOGTT - TPJ))S TPISEXP(1,54[0G(DY)IX TPZsEXF(2,17%sL0G 0048
GONT(D))S . 00dg
- TP3st XP(.B375+L.0G(CT)X 0ndn
BY,? TPasCl,  sTnl, J+TP4x COUNT(,N)INIJIGOTO(BS,2)% SET(U=0)N 0081
o HOT 80, 384129 TP XM+VU/AP) (TPE/CT=258))/((1+0,.44TP2/TPY) 0052
. CONTEVMESZ) N 0053
- Bé CLEARC7)NOS (AT(KkIyy CLEART 7HWNOS AT (YT y CLEAR(7)NOS, AT(Qi)x 00>4
FPRePHEFMHRX [RALPR[NIPR2UN [2UTY b5
CLEAR(SINOSATIUL)IX XLST=08 PRLST=0% 0056
_ B6.1 Y3,J81,1% COUNT(S5)IN(JIGOTO(BE,. L)% SET(JEN)YN 0057
, B6.2 y3,J30% COUNT(,N)INIDIGOTO(BE.2)x SET(J=0)K 1058
: 87.1 IF=INT(N=21)QUTO(B?,5)% SET(SWI®DR2,1)% 0059
T IF=TNT{N2Z)G0TO(H7,61% SET(SW43lIR3S. 1% 6
IF=-INTI(NSZ)RO0TO(B?,7)% SET(SWS52DRY,91)% QU614
: TF-INT(Nad GOTOIB7.87x SET(SW6=DR3I,1)% GOTU(RA) % 0062
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B2.,8 SET(SWIgRIAIXGONIU(HA)K anés
B7,6 SET(SWARR14)%80T0(88)% D064
B7.7 SETISWSRR14)%60T0(RB)Y D066
B7.8 SET(SW62B14)%GQ0TO(BB) X Doées
;-] TRialu% 0067
B8.1 TP aDCL,J+TPLE  COUNT(,N)INC(JIGOTO(BEB,1)% SET(J=D)K 0068
1 PT=Cl¢F]/Cy0-TP1)% SFT(SWIzH15)S5KkB=R14,5)8 PMAXZPTY 0pée ' )
: ENTER(R ,K,G,)DT)2,NIBQIYLIKLIIQL)N GOTOC(,SW1)% 0070
: B9 1F(Y3>=1)IR0TOC(RP 1 IXSET(SHI18810),J=0)XGOTO(DRI)IX 0074
! B89.1 Y3z1IK330%51=0%HI=0%U3=0XSET(SWL1=R10)J=N)XGOTU(DRS . 1)% 72 |
. B10 1FtYa>=1)160T0(RIL,II*SET(SKW11=R11) =1 )%GOTO(DRI)S 0073
Blu,1 Y4z13K430¥5230%RZa0%04zURSET(SW11aB11)J31)IKGOTN(,SW3)8 74
g1t [F(YH>2=1)R0TN(RII IIBSETLSWII=N1Z)J=2)XGOTO(DRIISE 0075
Bi1.1 Y5243k 5zn%¥S 2 0%Ra= 06 (RSETISH11E12)JaR)%G0TO(,SHa) % 76
812 IF(Y6>51)G0T0(R1Z,1)%SET(SK11=8131J=21%G0TO(NRY)X 0072 -
Bi2,1 Y6z18K6a(%G4=NaRoz X6z UNSET(SWI12R15)Ja3)K60TO(,SnE)8 78 |
B13 1FEY7>21)1680T0(RIS. 35SET(SWil=R143J241%60TO(NR1)S 0079 |
B13.1 Y7=4YK720855305R5=, %07 0XSET(SW11=B14)JUs4)IKG0TO(,5u6)% "B '
B1é SET(u2)gTP1=20% 0081
; Bid.1 TP1E0CT,0(1~Y3,JI+EC1,J*Y3,J*TPIXCOUNT(,N)IN(JIGDTO(BLI4, 1) ¥ 0082 .
! VC=Vu+APeX]~TRI¥SET(US0INTRPI=RCIY . o8y !
Blg,.2 TP18RC1,0eY3,J+TPISCOYNTC, NI INIJIGOTO(RI A, 20K [T
SET(JUSh)$TP2=ACY 0085 ‘
B14,3 TP2sACT,J8Y3,JeTF2XCOUNT(,NIINCJIGOTN(RLA,3) % 0088
. SET( =r)$TEMFP=(TFP1-ALP)/TP2XTP1=2CC]S 0082
: B14.4 TP13CC1,Jsv3,J+THPIKCUUNTC,NIIN(JIGOTO{R14,4)% 0088 |
! SET(JEN)SRTaTEMPITPL/YCS GOTO¢,SWE) N ovés
i B14.5 ENTERI®,K.GDI% - 0egn |
' DR1 R1,0=8B Y1, )sEXPIALP1, sl 0G(PTY ) SUN=UY, JXH1SF Y, JEHZ2SRCL, JY 0092 '
: HIsHC1,Jsdde]Cl,J¥H5=JCL, Jli=Y3,J)%H6=11,UXH7aD1,JX 0093
: HB=DPY, JEH9aNPI s JXn1r=DCL, J¥NTIDJC1, JXGOTO(GAMP)N 0094
' DR3 R1,JsR1,JeKV#KZ+KX2 XX 1094 !
. K3,J581s*R1,J/7DCL, U 95
; DRE.1 GOTOL,Swil) ¥ 1095
L_ DR4 PR=PT/EPISPRR=PB/ER2S 0096
: K1zAGW(PR=PH)IKKZSY1 ¥X2Y2% 0097
; IF(X1<XC20,30T0(DR5IY PREPH2DK QOTO(DRIIN 0099
i DRS ENTER(ULD, INIXTIPRIXCL)IPRIIZ201311)1)% 0iun
I DR9 DELX=Ex]~-XLSTXSUM1sPR+PRLITH 0098
, INTPR2(DELX#5uMIT/2+INTPREXLST=XTSPRLST2PRY 0099
- ALPSIMGTDSK2992/772 ,B)+AP#INTPRAHL¢KD¢42% ROTO(RIS.B)K 04U0
. 815 TFIPTCPEIRNTO(RIb,.11% SET(SWA=DRA)SKI=B16)K 0101
' 815.1 FRR=PTg PR=PTy 0102
| B16 IF(Y1I>0)GOTO(R1/IKIF(Y3>=1)AND(Y4)=1)AND(YS5)=1AND(YA)>x1) 103
CONTAND(Y7>21)G0T0O(B16.1)XGUTO(RI7)S 1103
7 Bi6.1 SET(STUCK=B22)% 2103
B17 XF=X1/12%V=Y1/12XAF3K1/12%SET( IS0)¥ST=0% 0104
: B17.1 DG71, K3, J9C1, JRCOUNT (LMY INT{ HBOTO(RI7,1IKSET(J=0) 8 0109
! Bi7,2 ST=281, *STXCOUNT(,NIINC(JIGOTO(RL? ,2)%SET(JaN)X 0lus
i [F(PBR<PPMAXIGUTU(R17,8)% ENTER(A,P[INCHIAN7331)X% GOTO(NEWRM) X 1106 !
i B17.3 IF(PMAXDPBR)IGOTO(B18)% PMAXSPBRY YPMAX=XI% TPMAX&TS 107 |
T B8 GOTO(,SWF) % ] 1og |
' Bi6.1 ENTER(AFUNCHIANLIIDS 109 !
I gis. 2 ENTERCA.PUNCH)ANBS)1)X THM=Telg00% 1ip
! PUNCH=F DRMAT(08)=<1> ¢ TH!XI)PBRIPTIPRIVIAF )1 <ADX 111
. PUNCH«F ORMATIOY ) =<2 {THIXIIXFITEMPIVC)PRISTICADK 112
- B16.3 PUNCH~FORMAT(010)=<1>¢{TMIX])Y3, J)DCZ!LJ)RioJ)SloJ)<A>$ 1112
i COUNT(,N)INCJ)IGOTO(B18,3)% SET(J=p)X 2112

k6




o Pt A s ortiEP SRS . YN GBI

oy ATPTE e

H coy 1 3 3119
! Bi8.4 SET(SHPER1B,2)260TO(,STUCK) 4142 |
; B18,8 T=101% 113
: IF(XIDXMIGOTO(RZIIEXILST=X[XVLSTevEPRI ST=PHY . D114
i ENTER(R K. G1)% 0118
I B21 YMAX=L (XMaXTLSTIC(V-VISTI/IXI=XILST) ~V| STH 0116
; PRMAX= ({XM=-XILSTI(PR~PHBLSTI/Z(XI~XT1 8T ) +FBLSTX D117
| TPMAX=TPMAX*1000% 1117
: ENTEF(ALFUNCH)ANEG)11% ENTFR(A.PUNCHIANBL)1) K 118
r PUNCH=FORMAT(D14? =< 1> (VMAX)RMAX ) NPMAY ) TRMAX)PBMAX) CADW 119
GNTOINF RN % 1119
' B22 ENTER(APUNCH)ANBI ) 1) RENTER(A.FUNCH)ANG7)L)SENTER(APUNCHIANBL L)X 1%0
VMAX=(N$PRMAXSNXTFMAX=TPMAX*10N0Y% 121
: PUNCH=FORMAT(014) -<1>(VHAX)PHAX ) XPHAX) TPMAX)IPBMAX) CADS 122 .
' NEWRN GOTO(RI}% 123 !
i GamM2 T1=H7=U0%STPaHB+UN 0127
: FF1,3 FU=z,7854(1J022%4H] ~I02#2H - UDSHI+HA) = HEE n4¢8
! F#2 FRUS,7854(3sU0se?sH1-2¢U0sHR"HI X 0129
[ fF2.1 U01 2LU=Fil/F PUY 0131
: FF3 IF-ARS(LUN1L=UNIK=, 00U0LIBOTO(FFA)KNIO=LIOLY 0131
FF$.1 GNINIRAMD) ¥ 0132
FF4 S§15%8,1416¢ (HA-UD) (H7-UO*HI (MB+HD) )+, 54 T1 %47, 54H9 0133
CONT!T?#}__?)!SL,J:SOH1(|/I’|115II1,J:U()'SGQTD_(DR.’U% 0154
. 01 FORM(10=3y)1=7) 159
. 02 FORM(1227my)ie1)1P=3e11)1=8)8~2)3P=1=8)8=4)12-6=K)8=3)1D~4-=0) 182
g 03 PORM(12=5=9)12-7=918=2)17=1-7)34=13)12=4=6=25) 184
: 04 FORM{19029)12~7=9)38=219¢=1"7)4=4)1222=7)2~D)19~-4-613~-4)12-0-8~20) 136
| 0% FORM{1229)8m1)126)13~8)16=6)3-4)12=6)3=G)915=3~7)8=5)12-1~3=23) 136
' 06 FORM(3-20112~3-813-11)12-5-7=47) 187 ¢
07 FORM(12=7)3=5)12°1-3)3-4)12-91381)1229)3=5)12=4=6)3=5)12=1=7=17) 158 }
08 FORM{9pap=H)3=1)1p=8=B)18-2)12=6"10)1P=A=4p)1P~h=40)}P"5-5)38-1]) 139 |
CONT12-4~10-9) 1139
. 09 _FORM()2=p=8)8=1)1P-38)8-D)12-p=B})4=P)19=¢~8)3=~2)12-5-70)12~4-7)3=3) 140
) ConTi2-5-9-10) 114g
; 010 FORMI19=2=B)3=1))12-32R)3-2)12=9=7)4=8)19=4=9)3=-1)19-5~8)3-2)12~5=9-20) 149
! 011 FORM(12=5=8)3%5)12-6-8)38-4)12-3-8)%=2}12%2=7)3=3)12"6=9=54) 142
! END GOYTOU(HI)Y 0148
; 8 108 MM HOWIT2ER  RD 76KS Iy
1PROJ, WI. BAKREL  CHAMBER HNRE AREA PaK S5 PRESS_MAX GIIN PRESSURE A
| 1 M1 PROPELLANT A .
‘ 1 CHARGE FOKCE GAMMA COvULUME FLAME TFMP DENSITY A
1 BETA sLPHA .0, GRAIN DIA. PERF GR,IENGTH NO, PERF, s |
: 1 FESISTANCE &
! 1 PROJ., TRAVEL . PRESSURE A
: 1 1SCELLANENUS A
; Y NO, PROP, KV K X £ST, MU7, VEL, DIAMETER A
: 1 P GREATER THAN DESIREpD MAX PRESSURE A
i 1MUZZLE VEL, MAX, PRESSUKE X AT PMAX T AT PMAX MijZ PRESSURE A
: i A
I 1 PRUJECTILE STOPPEDL 4
i 338, 81, 153, 13.77 4600, 3.024 50000, 1
! 10429 1152000, 1.25 20u0, 2
| 1-03 2, 0 0 4.134 1500, 3
; 0V 4500, 4
: L1 45011, s
! v 20 4500, 6
; 1\ 39 4500, ki
' <50 4500, 8,
b7




1,010 45001 9 N

: . 2,00 4500, 10 .

3,50 450u. 11 ¢

4,00 2800, 12

. 4,25 2601, 13 )

! 4,50 2350, BV

l 5,00 1600, 15 !

: 5,25 1650, 16 .,

! 5,50 1400, 17 |

! 6,00 1000, is .
. 10,00 1000, 19
30.00 1000, 20

: 40,00 1000, 29

: 50,00 100u, 22 !

: 60,00 100U, 23

: 6325 3670150, 1.264 31,08 2433, 0567 2¢

I e 5079=03  ,B8497 L 04/8 , 0194 42453 1, 25 |

‘ 241356 3470150, 1,764 31.08 2433, L0567 26 |
I «5079=0¢ . 8497 .1344 L0142 $ 3127 7. 27
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APPENDIX C

Input and Output Data

l. Input Data
2." Output Data

3. Sample of Output Format
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1. INPUT DATA

Welght of Projectile

Length of Gun Tube

Empty Volume of Chamber
Cross-sectional Area of Bore
Shot-8tert Pressure
Pidduck~Kent Constant
Resistive Pressures

Travel of ProJectile Corresponding to each
of 20 Resistive Pressures

Diameter of Bore

Propellant Physical Constants

Welghts of Propellants

Weight of Igniter

Densltles of Propellants

Outside Diameter of Propellant Grains
Dtaméter of Propellant Perforations
Length of Propellant Grains

Number of Perforations per Grain
Number of Propellents

Propellant Thermodynsmic Conslauls®

Forees of Propellents

Force of Igniter

% See Reference (17) for these data.

51

Units

v

in,
3

in.2

in.

pei
dimensionless

pel

in.

in,

1b
1b
1v/1n.°
in,
in,
in.
dimensionless

dimensionless

in,=1b/1b

in.-1b/1b

Progranm

Symbol

3

Vo

PE
DEL

PR1,J

XC1,J

c1,J
CcI
RHOL,J
D1L,J
DPL,J
11,

NPL,J

F1,J
FI




Ratios of Specific. Heats of Propellan_cts
Ratic of Specific Heats of Igniter
Covolumes of Propellants

Adiabatic Fleme Temperatures of Propellants
Adiabatic Flame Temperature of Ignlter

Burning Rate Coefficients

Burning Rate Exponents (a's)

Burning Rate Veloclty Coefficient
Burning Rate Displacement Coefficlent

Miscellaneous Constants

Time Interval
Estimated Muzzle Velocity

Maximum Allowable Breech Pressure

52

Program

Units Symbol
dimensionless GAl,J
dimensionless GAT

in./1b covy,J
K T0L,J
%k TOI
8. . B:iLa BETL,J -
dimensionless ALPl,J
in. Kv
sec in./sec
in. KX
sec-in.
sec T
£t /sec EVP
psi DPMAX

I
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2. OUTPUT DATA

Identifying Date

The complete list of input date 1s printed out to permenently identify

the computation.

Trajectory Date

Time

Trevel of Projectlle

Travel of Projectile

Breech Pregsure

Space-mean Pressure

Base Pressure

Velocity of Projectile
Acceleration of Projectile
Temperature of Propellant'cas

Volume behind Projectile avallable
for Propellant Gas

Resistive Pressure

Total Surface Ares of Propellents
Mass~fractions of Propellents Burned
Mase Burning’Rates of Propellants
Linear Burning Rates of Propellants

Surface Areas of Propellents

53

Units

millisec
in.

£t
psl
psi
psi
ft/sec

ft/sec2

in.5

psi
in.g
dimensionless
1b/sec
in./sec

1n.2

4




Summary Date
Muzzle Veloclty

Maximum Breech Pressure
Trevel et Maximum Breech Pressure
Time at Maximum Breech Pressure

Muzzle Pressure (Base of Projectile)

54

Unitg

£t/sec
psi
in,
sec

psl

Progran
Symbol
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PR,

P

: OUTPUT FORMAT
; Y
f 405 H MU T RE R D265
: [
! PROJ, WT, RARRE| _ CHAMRER _BORF AREA Pt SS PRESS MAX GUN _PRESSURE '
j 35.00000 81,00000 3548,00000 43.77000 3,024n00 4600. 50000, )
i M1 PROPELLANT :
f CHARGE FORCE GAMMA COYOLYUME FLAME TEMP [DENSITY
04990 1152000, 1.2500 2000, IGNITER |
168250 3670150  1.2640 31,080 2434, 056200 :
| 2,14560 $670150, 1,2640 31,080 2433, L056700 *_?
’ BETA ALPRA 0.D. GRAIN DIA, PERF GR,LENATH NO, PERF, i
000507¢ . 8497 L0478 . 0194 12453 1.
| ,0005079 ,8497 L1344 L0142 ,3127 7,
! RESISTANCE
i PRO.J. TRAVEL PRESSURE
: .0uD 4500,
! +100 4500,
] .200 4500,
; 350 4590,
i L5U00 4500,
' 1,000 4500, i
: 2,000 4500, '
] 3.500 4500, :
: 4,000 2800, —
[ 4,250 2600, '
: 4,500 23510,
‘ 5,000 1900,
; 5,250 1650, '
5,500 1400, :
6.000 1000, :
: 10,000 1000,
! 30,000 1000, |
: 40.000 1000, i
; 50,000 1000, |
; 60,000 1000,
i MISCELLANEOUS
T DT ND. PROP, KV KX EST, MUZ, VFL, DIAMETER
! (00010 2, L0UD00U0 . 0000000 15010, 4.1340 !
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45— WQU LT ZER—RD—7 65
‘ *Tme 1000  XTe, 000 PB2w 559,30 PTv553,.30 PRaGse, 30 Vw00 AFw o060p ‘ .
: . T™Me, 1000 XXe,000 XF=,po00TR2058,25 .VC*104,147 PR, &Tw4n18.93
: e, 160 XPeo 00 Y8e,0015 DCRIn 9,401 Rle, 102 $is 1443 .83 N
™M 1000 XIs, 100 Vv, 0Dp0d OCB2013,518 R22,102 52#2857,10
2000 000 651,34 651,34 651,34 « 00 0000
22000 £ 1100 £0000 2097.81 104,192 20 4019,58
,2000 «000 w0032 10,945 116 1641,54
2040 L1100 L0033 19,533 Q16 2358,04
L3000 2 G0G 756,33 756,33 21586, 33 200 20000
300 000 Q000 2137.381 104,072 W0 “020031
L3000 £ 000 L0061 12,444 L132 1.661,20
JE000 W 000 U022 17,671 2132 2359,110
: 4000 0100 - 875066 875:66 87506(’ 000 10000
1 L4000 000 L0ugv 174,18 104,026 .0 4021.14
; 4000 W 000 L0073 14,118 «150 1660,82
L3000 000 0031 20.05% 50 2360.31
: 5Ug0 LLDD 1010.,97 10i0.97  4010.97 L 00 L0000
L5000 000 000y 2202.B9 103,975 .0 4022.07
L5000 4000 L0098 19,063 2170 1660,39
«5u00 2000 ,0041 22.7006 170 2361.,48
6000 4000 1164,02 1164.02 1164,02 .00 .0000
8000 200y Lougp 2329.89 103,917 «f 4023,13
L8000 000 U126 18,015 191 1659,91
HU0Y 4 000 L0053 29,648 . 1919 2363,22
,7000 £000 1336.74 1836,74 1336,74 £00 40000 o
«7000 s 000 L0000  2253,61 104,851 .0 4024,32
.200¢ 2000 L0158 20,283 2216 1659,36
7000 2000 « 0066 28,907 216 2364,96
Bung W 000D 1531.26 1531.26 1531.26 .00 «0000
$8000 1000 20090 2274,43 103,722 0 4028,464
18000 4000 10193 22,785 247 165,74
18000 £ 000 L0083 32,513 L 242 23866,91
i .9000 +000 1745.89 1749,89 1749,89 (00 ,0000
L9000 100 «000U 2292.69 103,495 .0 4027.,15 ‘
900 2000 20233 25,542 222 1658,05
«9000 000 s 0098 36.4964 ' ?7? 2369,10
1.0000 <000 1995.16 1995,.16 1995,16 .00 +0000
1,000 2 000 « 0000 2308.72 103,602 s O 4028,83
1.0000 (500 0278 28,574 «304 1657,28 |
1,0009 £000 20117 40,889 1304 2371,58 |
31,3000 2000 2269.85  2269,85 _ 3269,85 00 £ 0000
1.1000 000 . +0000 2322.79 103,499 0 4030.70
1.4v00 1000 20328 31.903% 2240 1656,42
1.1000 1000 . 0138 45,729 340 2874,28
» —_— o S
. , *See iist of Output Data for Program Symbols end Units.
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i TR A I

1(15 M umf.!vzgp‘ D})iﬁ‘t.r;
1.2000 sugn 2577243 2977.0) 2577.01 .00 0000
1,2u00 , 106 LUouo 2385.15 103.3R3 .0 4032,78
1,2u00 L0ng LU3RS $5,54%2 a3729 1655, 46
1,2000 V0D (0162 51,055 379 28717,32
1,3000 YOG 2919.97  2919,9; 2919,97 « 00 L0000
14900 000 LU0 2340,02 103,288 A 4035,09
\ 1.3000 AT , 11445 394548 AP 1654,38
] 1.48u00 L0071 LU1R8 56,911 YY) 2880 ,70
14400 00 432,38  33p2,38  3302,38 L00 . 0000
1.4000 000 0009 235%,54 103,142 ' 0 4037,66
1.4uu0 s ullil yusid 45,918 1469 1653,19
1.4000 000 U217 6354344 469 2484,46
1.50u0 LU0 $7-8.28  3728.28  3778.78 .00 W0000
1,5u00 LU000 L0000 2864,00 107,954 . 0 040,50 !
1.5000 W 000 G590 484690 520 1651 ,87 !
1.5000 ,000 U250 70,4072 1520 238R,62 :
1.6u00 900 4202.09  4202.09  4202,09 LU0 L0000 :
1.6000 s000 000U £371.43 102.777 o0 4043 ,64 :
1,6000 (000 L0674 55,898 Y 1650,43 :
: 1.6000 000 s U286 78,156 WH76 2893,23 I
i 1.7000 <000 4726 .86 4728 .68 477°8.,48 +00 0000
41,7900 L0V L0000 2377.98 107,582 o0 4047,11
1,7000 (000 20767 59.574 637 164R,79
1,7000 000 L0326 B6.655 (637 2198,32
. 1,8000 L0100 5384,73  5812,49  5169.4D 1,49  3590,2033
; 18000 1000 0000 23B88.69 102,382 4500.0 4050,93
i 1.8000 2+ 000 0870 65.753 1704 1647, 00
i 1.8000 1000 Cu371 95.972 .704 2403.93
: 1.9000 004 604079  5959.75  5758.A9 2,77 17452.175 )
1,9900 004 20003 2388.72 102,142 4500,0 4055,14 :
1.,9000 004 . 0983 72.4%7 .777 1446,03
1,9000 004 . 9420 106.156 777 2410,11 |
2.0000 L 6765.89  6575.12 6494,96 . 4,94 26804,618 i
; 2.0000 T 609 20607  2393.04 101.546 4500.0 4059.76
' 2,0000 JU09 41408 79.730 (H56 1642,85
; 2.0000 wu09 L V474 117296 ,B56 2416.91
21000 516 7565.33  7463.83  7262.48 R.08 §7115.675
: 2,1000 016 (0014  2398.65 104,739 4500.0 4064.83
2.1“00 PRIbY ) 012“5 8/0594 1942 1640046
2,4000 1016 + U534 129.452 1942 2424,37 o
. - 1
2.2000 28 8444,01 8330.73 8105.88 12,30 48449,25p |
22000 Tnes T0084  2399.56 101.556 4500.0 407038 N
2.2000 028 L1395 98,069 1,038 1637,R3 :
2+2000 028 Z 0600 142,686  1.0885 2432,5%
]
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a6 MM HOAIITZ2ER RO_Z2858
23000 wudb 941619 Jg8p,9n 9029,56% 17,79 60B59.%64 .
23000 1146 sou39 40174 101,410 &50u0,0 4D76.44
2,300 46 1560 199109 1.13¢ 1A446,94
2. 3000 Y RIYE] 157.0%2 1,134 2441,50 .
2.4u00 AN 114%5,21 11834,94 1006, %4 ?4,30 74480,9490
2.4000 M7 N0d9 rd4udei 101,320 4500, 4083,05%
?.4000 o 71 1749 114496 Lev4Y 1631.,78
i 2.4000 N L1757 1/¢.594 1,742 2451,28
| R
2,5uu0 105 11568,14  114497,59  111-8,89 $72,46  HODAA 997
2.5000 105 QbR 40970 1in1,404 4500,0 44,90.24
2e5000 0105 L1946 129.241 PRLY] 162¢,32
2.5000 $105% L RAY 189,458 1,557 2461,92 !
26000 TS0 T 12R0U.27 1964R.37 1231K.A0 45,05 104894,8% —
: 2.5u00 2150 AL 43 48 101,483 45un,n 4098.04
: 2,6000 RET L2150 146,177 1,478 1674,55
: 2.6uUli( 2150 ORI -] TR - WL X A 2473,48
' 2 7000 207 14139,69  13945,06  13568,6H 531,20 121848,4) !
’ 2.7000 Y TN 7d  PAude1? 101,579 4500.0 a106.47 !
! 2,7000 wan ,2388¢ 34/.661 1,607 16720,49
i 2.7u00 07 L1041 P40.537 1,607 486,01
| [ ..
i 2.8000 P78 19651.,68 15423, 40 149:19,72 4519 139866.91
2.8000 278 NP232 2399.84 101,944 4500, 4115.55
= 2.8000 78 PTYEY] 199,472 1,747 1614,04
| 2.8000 (78 (1155 246,895 1,747 2469,55
! 2.9000 LT 170u8.248 16/75,11  16322.36 80.93 158847,23
I 2.%000 1566 P 0205 2396.46 102,421 4550.0 4425.81
F 2.9000 oS8 ,2904 1714973 1,882 1411.19
! 2.9000 366 12K 268,448 1.hH2 2514,12
1
[ 3.0000 678 1B887.60 {8Z2HA,Y6 1779y, 31 97.58 178638.56% !
! $.0000 a7 L0494 2491.94 108,124 450040 4135.75 :
{ S.0dnn 473 L4106 1R4,593 2,077 1606,01 :
! 53,0000 i (1415 290,767 PR 2529,75 :
]
i
4.1000 1601 20119.30 19B49,47 18313,48 116,20 199038,6#
i $.1000 61 L0501  P3R6,20 104,059 45n00,0 4146 .87
i 3.1000 1602 3508 197,338 72.175 1600.43
I 3efuoo YT 1561 118,984 2,175 764h,44
$.2000 V753 217,874 214936,93 2UB%B,%5 136,82 019793.76
3,2000 L 758 LNA28  2379,19 10%,235 45000 4158, 64
3. 2000 V755 . 3840 —210.040 7. 543 1594.47
$,2000 1 /85 w1719 337780 2.423 2564.18
3.3000 1931 2334169  23028.53  274N6.98 159,46  240604,50 )
3.3000 .98 07276  Z370.87 1n6,71n 450n0.0 417109
5.3000 1931 ,4198 222.506 2.471 1588,.32
$.3000 . 931 ,1A88 361,890 2.471 2587 ,66
58

[P .




L e b

48 MM _HOLtT2E
3 ¥ T

T gt b e 11 £

R 285
3.4000 1,137 24932,4%  24597,98 23944,03 184,40 261119,19 ;
3.4000 1,137 0947 2361.,21 In8.51¢ 4500.0 4184,12 ;
3.40u0 1,137 LY. 239,532 2,618 _1584,39 :
$.4000 14137 2068 336.np6 2.616 2602,74 ;
3.5000 10878 2647599 26116.,83 25411.94 210.69 2B0976.689
j $,5000 1,373 L1144 2350,238 110,642 4500,0 41972,72 !
i 545000 14873 ,4958 242,905 2.759% 1574,29 |
: 525000 1ed78 1 2280 409 .784 2,758 2624,44
3.6000 10643 27940.86 27556.13 26812,39 239,13 299793,28 :
: $,6000 1,643 RELY ¢337,94 113,217 450n0,0 4211,82 :
! 3.6000 1,644 2 93K7 266.417 2,%8¢ 1566 ,R3 :
g 3.6000 1e644 V2464 432.862 2,08k 3644,99 :
: i |
: S 3.7000 1.948 2924U+37 PRBB7.48 2A4n7.81 269,31 317196.79 ]
$,7000 1,948 J1528  2824,34 116,492 45000 4226,35 :
. 37000 14948 875¢ 2A5.874 SonpH 15959,¢5 }
! 3,7u00Q 1,948 2678 454,872 3,uNR _ 26K7,31
: ) |
‘ $.8y00 22290 $u4Y4+11  390HA.98  29272,98 S(3.U6 332854,3% ;
! $.8000 2.790 1908 4309.60 119,695 4500,0 4241,23 i
. 3.8100 @ 2.79¢ 10232 274.108 3.117 1860,07 :
s.a8000 2,490 2on2 475,458 3,117 2690,26 ;
S$.9u00 2,871 31549.96 31126.67 30shb.56 434,70 246472.95
$.,9000 2571 2226 £293.7% 123,545 4500,0 4256,38
3.9u00 7.674 L6683 280, 9R5 $.21.? 1542.63
3,9U000 2.0 3145 494,304 2,217 27213,7%
4,080 3,092 32430,96  31995,85 31142,28 368,50 357836,18 :
4. 0000 $0 0692 L2577 2276.91 1974981 4500.0 4271.,70 '
4,3000 0092 L/14% 280417 B,093 1534,07 !
4.0000 a9y 18377 511,126 $.v9¢ 2737.,68 :
4,100 3,459 34176,32 376H1,BB 31799,aN 403,76 266805,04 i
4,3000 3,955 229638 225928 132,956 43538.8 4287.40 - ]
4,100 4abbY 1612 290358 3,857 1526,39%
4,3000 30559 3626 529, 7126 3,357 2761,77
H
) 4,2000 4,61 33634,.587 331K3,82 3P91M7,70 440,49  3HLE40,09
: 4,2000 4,61 L4364 2261.04 138,493 2710.8 4302.49
: 4,2000 4,061 Bonrh 292,834 3,40AK 1516, 45
! 4,2000 4,161 . 48u2 538,002 3,408 2786,065
l 4.3u00 4,614 33945, 68 38490,25 325R6,15 479,72 403930404
h 4,3un¢ 4,614 3145 22231495 144,626 2241.9 4317,.80
[ 4,3000 4,614 8561 798,805 3,437 1507,47
| 4,35658 4,644 Ai4e 54/.733 $,037 2820,53
. ]
! 4,4000 5.7213 34063.00 33605.99 32698.97 519,69 412771.,20
i 4.4000 $.213 <4344 290,25 151,399 1684,0 4332.93
L 4.,4000 5,238 L90%6 298,324 3,452 1498,44
0 4.4000 5.213 44086 554,862 3,457 2634,49
I
: 59

L,




108 MM HOwTTZER kD 7248

4,5000 5,861 14997,58% J3%41.,42 3Phih,14 560,46 420082,57

4,5000 S.t6 4584 218,08 18, R0 1097.9 4347,82

4,5009 R,H861 50 291,497 3,457 1489,41

4,5000 5,861 4673 559,440 $.457 2RYR, 42

4.,8000 64058 137R2.8% 35509.H87 32410,84 A01.78 423888.90

4,6000 64558 18465 2161452 146,904 648.5 4462.40

4,6000 &.958 997/ 288,442 3,056 1480.410)
! 4,6000 b.058 14941 561,529 3,436 2682.00
i
: 4.700¢ YARAIL) 42683 ,8:  42¢49,30 31375,n0 642,69  414921,6¢1
i 4,7u00 7.80% LonB7  2135,99 176,076  374.8 2y04.82
| 4,7900 J450% F0Uny 006  _,00rp LU
: 4.7v00 7.40% . S2ut 5%6,704 3.480 2604 ,R2 :
N 4,8up0 A,100 $15646,35% 31123.11 30%8%.40 682,5% 4ape’87,9% :
: "4.8ung Boallb +6/5y 7110+ 52 185,947  2%n.7 2926.94 ;
' 4,8000 8,100  t,d00U ey 00N 00 i
i 4,800 R 100 19469 544.75% 3,282 2926.94
i t
! 49,9000 _ _8,94% JudRe.32 29974,70  291#5,6R 720,95 $87359,0% :
! 4,9uD0 8.947 VItY: S08Y.4% 194,490 44b.6 2948.17 !
: 4,90un00 R.947 1eufu s n LN 0B
! 4.3000 R.v42 EYFL 531.861 $.18% 2948.17
F" 5,00l 9, k29 29211+68 28819,72 208041.R7  757.55 36B342.96
: ©.0000 9,029 «B191 206193 207.686  BHS.T 2948.51
: 5,0000 0,879 1 0060 000 Lhion .00
P 5.00V00 9,609 19979 $18. 326 3,080 296R,51
! 51000 104759 2440p B8 27676,52 PA999.8X 790,17  34849%,82
: SelulQ 10,759 . 89606 Za%7.1% 219,504 1000.0 2987.98
' 5.1uu0 10,759  1.00uU gD L000 .00
[ 5.1000 10.759 615 504.441 2,977 2987,.98
H [
; 5.2000 11.729 25920.30 P65%9,.18 25R42,79 825,52 833785,59 :
i 5,2000 114729 9774 014,27 231,914 1000.0 300661 o
' 5 2u00  11.729 1.u0u0 Lunp Ludn 00 M
: 5.2v00 114729 ,64n1 490,448 2,877 300h.61 !
f
? 5.3900 124739 AHB20.59 25474.17 247R6.67 857,08 319601.3¢
; 5.3000 12.759 1.0616 1994.15 244,R%4 1n00.0 3024.42
0 5,3u00 12.739 1,0000 « 100 Lann 0
i 5.3000 12.739 L6879 476,47% ?2.779 024,42
! 8. qung 15.78% 2476074 24428,04 23768,74% 587,50 305924.7%
: 5.4up0 144785 1.148H 1970486 2%R,417 1000.0 341,46
r © 544400 13,78% 10000 2000 W00 09
’ 55,4000 13.785% ,69u1 462,663 2.68% 3G41,46
T

5.50uy 18,668 285/4841/ 23424,067 22792.39 916,62 2928p6,5%

5.5000 14,868 102390 1950.39 2772.461 1000.0 3057,75

5.5000 14,668 1.,0000 +000 2000 «00

95,5000 14,868 R ARY 449,108 2590 3057.75

60



e TER

Catr e s A S

4.."-‘. M HMOIIIZFR RL_LAY
8,6000 1%,98% 20714k PRdnh, N8 D1R49, 70 946,02 281275,.03
egd00 14,98, 1e4P4 195U 73 2R7.000 (00, N 3073443
S, 6000 15,945 LR G0 L 00
5,60yl 15,98 WEYI] 459, ARS 2,501 S074.38
S.70u0 17.134 21860,41  21993.41 208971 5K 971,28 266341.,81
b,70040 1741384 _l.4218 1911 .87 30/,027 100g.0) 30868,¢5
5.7000 174154 1.,0000 efyd SO0 00
$.74000 17,134 /529 423,041 2.41% $nRK 25
5.80060 TRV E1Y 2098785, 2n0B6.Z1  201x7 A9 Q946,83 95720n5,R5
5.8un00 18,815 1500 1508, 7K 147,509 1940, 0 31n2,5%
Y. 8100 18,815 1,000 000 L0 00
$.8u00 1Hes15 ATy 4104677 2erae £109.53
509000 19.9206 29144415 19864.02 19307,R9 1001.57 246256,84 ‘I
5,%u00 19,576 1,827 1R76,45 33+ ,431 1000, 0 3116,21
5.9u000 19,4976 Youle0 L 0D9 sl 0l |
5.9u00 19,476 _ 44986 $90.681 2.754 3116,.71 )
6,000 20756 1934949/ 190RS, 48 1£5/0.31  1044.09 236077 .89
6,0000 20,7h6 1.7505 1869 ,83% $49,774 10nn,0 3129.,33%
$.01000 i/ bA 1Terduu NG N Ll
6.0000 20.766 Hine 387097 2,187 129,83
644000 254143 16548030 1#gah. By (/303,57 067,47 pp6447.60 !
6o3vl LRI 1.4481 1844.91 3AR 521 1aGn.n 2141.92 !
8.1v0y 27088 1,010 UMD «uln L]
6,1000 27,088 BP82 /5,015 2,111 $141,92
6.,2000 25.¢2/ 1/H92.386  17652,831  17475,87 189,14 217341.96
6.2400 284527 1.9489 1TR28.h% IJA4.ART7 100N 0 3154.01 :
b.2u00 Pheue! 1enQni R UGN N LU0 i
6,2000 28,82/ L4450 365,364 2,043 3154,0% .
6.8000 24,646 1727506 169945,94  16545,94 1109-95- 20873%.0p :
6.3000 24,646 2.09389 1813%,99 A01,%65% 1000.0 3165,.63 :
6.,3000 26646 {0000 sUl0 0N LU0 i
66,3000 24,646 A28 155,196 1,979 3165,63 i
6,4u00 25,990 16594,37 16871,73 15929 A6 1129,96 200600,2R ,
6.4000 25,990 2.1659 179%.94 414%,.n2g 1000.0 3176.79
6,4u00 25990 3,000 2000 o il fbir W00
66,4000 25490 8791 45,439 1.918 3176.79
6,5000 27,358 1-998,23 15/83,60 15357 ,6n 1149 ,21 492911 ,2R
6.5000 27.458 2.2798 1786,4% 437,939 10000 3187.54
6,5000 27,458 1ongpel + 000 00N + 00 !
6.,5000 27.%58 8952 336,099 1,860 3187,54
6.6000 289,748 15434.64 15227.56 14B16.57 1187,73 1B5641.93 ]
68,6000 28,748 2+:395/ 1778453 45%,/79 1n00.0 197,89 '
86,6000 28,748 1,000 000 L00n ,00
6.8000 28./48 9108 3274164 1.604 3197.89

61

........ ety ———

S f el AR




*

TRIRNINT BE - LT

.
2

¢.ru: MM u.’hnyn_rn Bn._24¢%
6,7000 38160 14904162  147y1.869Y 14304.R9 1185,57 178766.96 !
6,7000 30.160 2.5134 1761¢07 474,637 1000.4 3en7.87
6,7U00 30,160 10000 £ 000 K] 2 00
6,7000 30,160 L9260 318,613 1,752 3207,n87 :
6,8000 31,598  14397,80 14204,14 18870,77 1202,76 172262 16 :
6,8u00 31,592 2.6427 17249.42 492,801 40UG,0 3217.,50 ;
6.8000 3145938 1.,0800 «000 L0100 00
6,8000 31.993 L9408 310,434 1./02 $217,50 ;
6,900 33,046 14919.86 13/33,18 433A2,47 _1219,34 166104,36 i
i 6.9u00 38,046 2.7539 1737.63 18,260 1000.0 $226.79 ;
6,9900 34,046 {,0un0 000 L0010 L00
6,9u00 33,046 .9552 302:608 1,654 3226,79
S 7.0U00 34,519 13467.67 18286.98 12928,37 12385,34 160271.,77
7.0060 34,519 2.8766 1726457 $3%,003_4000.0 3235.76
7,0000 34,519 1,000 ,000 L0400 ,00
72,0000  34.%19 L9693 295,119 1.609 3235,76
7.1000 36,011 18039.07 _§2864.14  12516,92 1950.79 354743,60
7.1000 36,011 3.0009 1715,92 554,171 1000.0 3244,44
721000 36,018 1.,0000 1000 L000 .00
7.1000 36.0U11 v 9850 287,950 1.565 3244,44
7.2000 37,521 12632458 12463.10 12126,72 126%,7% 149500.65
7.2000 37.521 3.1267 17p5.66 523,304 1000.0 3252.,63
7.,2000 37,521 1,00u0 000 Lnpo .00
2.2u00 37,521 L9964 281.086 {1,524 3252,83
7.3000 35,048 12118.37 1195p.85 11628.29 1280,(08 142803.69
7.3000 39.048 3. a%40 169y, 48 594,147 1000.0 <00
7.,3000 39,048 1,u000 000 LN0N £ 00
7.3000 39,048 1.0000 000 00 .00
7.4000 4p.592 11581.18 13425.80 11117.4% 1293,77 135939.51
2.4000 40,592 3.3827 1673,65 615,268 1000,Q 200
7.4000 40,592  1.,0000 000 LS00 .00
7,4000 40,592 1.00n0 «000 2000 2 00
705(}00 42,153 11088,23 ju955-5? 10840.%7 1306.80 129529.70
7.5000 42,153 3,5127 1657, 4¢ 636,645 1000,0 W00
7,5u00 42,1538 1,0000 000 LUD0 00
7.500¢ 42,1853 1.0000 .000 000 ,00
7.6000 43,726 10619.56 10477,09 10194.31 1319,24 12%536.40
7.6U00 43,728 3.68440 164186 656,238 1000, 0 , 00
7.6U00 435.7728 1,000 000 L N00 , 00
e 1 sbU0Q 43,728 1.0Q000  ____ __ .000 200U .00
. 7.72000 45,319 1018455 10047.64 9776.72 1331.30 117925.56
7.7000 45,519 3,7766 1626'75 65!)-“36 000,90 W00
7.7000 45,319 41,0000 000 000 1 U0
7¢7000 450319 t.0000 000 10N .00
62

o —— B T T = ¢ . |




Caemgnpian e

EEp—

[Rpp—

4Tu§ MM u(\.n:_rz

&R R-H—rb-5
7,8000 46,923 977680 9645.64 938%,29 1342,44 112666,32
748000 46,923 3.910¢ 1612414 7074030 1000.0 W00 ) '
7:8000 46,924 1.8000 2000 L0000 00 :
E 7.8000 46,923 10000 000 000 .00
H
: 7.9000 4845410 9394413 9268.10 9017.95 135%3,28 107730.66
! 7.9090) 48,5490 4,0u50 15%597,98 724,214 1040,0 .00
: 7.9000 48,540  1,unnu 000 JE0N .00
72,9100 48, 2410 1,004 $000 L1006 200
B.01Q0 5g.176 9034.59 #9138,48 86/2.Bn  1363.A5 103093.19
; 8.0Uu0 50,170 4.1R09  1584.77 740,572 1000.0 00 '
i 8.0uuD 50,174 11000 000 000 LU0
: 8,0u00 604170 1.9000 NYE JOn W00 .
. |
j 8.1000 51.813 H696.87  B85/9.69 BRAaB.12 13/3,58 9B730.704 “—}
. "H.1000 §14013 4.3477 1570.98 749,104 1000,90 .00 !
: B,1u00 1,813 1,900V 000 100 ) ;
' 3.10060  51.818 144030 009 LN LoU :
8,2000 53,467 8377.85 ' B¥65,45  BQAD.34  1383,09 Y4609 ,489 !
8.,2000 §h,667 4,4458 1558,10 791,800 1000.0 .00 i
8.2000 54.967 150000 009 J100 100 ;
B,2000 53,467 1.0000 A0y Looe 00 i
8.3v00 $5.132 BQ77.5% 7969, 18 77%4.09 1392,22 907494161 :
B.3ubg 55,137 4,5943 1545.,61 814,854 1nn0,0 200 :
88,3000 55,147 1.390u0 +000 cunt .00 .
65,3000 56,132 4000 NI o000 o000
B.4000 S6.808 /794,42 7689,55 74R2.01_ 14G60.98 A72093.40n
B,4000 56,508 4,744y 153%.,49 B37,658 1000.,0 .00 :
B.4000 56.808 10000 D] 000 200 :
8:.4000 56.508 10000 »000 .00n ,00 ;
B.5000 58,494 7526437 7425,3%4 772724.92 1400,39 B83639.325
B.5000 5H.494 4:8745 152173 BAhOH.BN? 1000.0 «00
8,5000 58,494 1.0000 «000 L0001 .00
. 8.5000 SR.494 1.1060 ang + 100 «00
: 8.6000 6N,19U /127304 7175.44 6981.79 1417.47 80372.437
: B,6000 60,394 5.0159 153v.30 B8R4, 006 1000.0 200
. B8,6U00 60,19y 1.0000 000 Ll £ 00
: B, 6000 61,190 1,0000 L1000 L00n L00
: 8,7000 61.8%6 7033.74 69%8,88 67%1,60 1425,23 77279.479
: 8.,7000 61,896 5.1580 1499419 9074517 1000.0 <00
H g,7000 610“96 20000 w000 LOon .00
8.7000 6148696 Leuob s00d uft +C0
8.8000 63,611 6805.98 6/14,6/ 6533,44 1432,71 74348.324
T B.8000 63,611 5. 300Y 1488, 4 931,087 1000.0 ¢ 00
! B.8000 63,611 37,0000 000 000 W00
i B8.8000 83,611 — 31,4000 2000 00N , 00

63




B et il

3 .
hd ]
! U5 MY HOWITZER RU-_2465 !
B,9000 bhy 836 6590, 41 6501.979 6326.%0  1439,90 71567, 887 *
8.9400 65, %44 S.4445 1477.90 954,741 1000.0 00 :
88,9000 5,884 14000l s il i L N0
: i 68,9000 &%,434  1,.000 Y X Y .
i 9.0000 671166 ninb. 78 eI Af130.r2 1446,H8 HBYP7.685
3 | 9.0000 67.066 5,589 146769 978,534 1000.0 £ 00
; I 9.0060 67,66 1,000 N N 00
x ' 9,0U00 67,166 feubal L0000 i Lill
k4
:g i 9.1000 68 bt/ 019127 6luli,ih 5943.3n  145%,50 Ah6419.0146
' 9,1000 6B.507 5.7889 1497,7% 0Nz 440 1000.0 e
: 58,1000 AL B0/ 1.L000 006 D L 00
! 9,1000  6B.EN7  1,t0n0 Y T .00 -
9. 2un0 70, 95% 8nb, 219 5925, 0% 575,49 1450,.84 642,734 —
: %,2000 7n,05% 5.87%¢ 144b.0? 126,457 100,60 L 010 |
! 9.2900 70,455 Tau0 o L0 v
- 99,2000 71,4958 150000 00 Jone L0 - :
G.3000 77,410 GHINL Nk 5/h1,8h 5696 ,67 146€6,14 61761,u28
99,3000 720800 6,075 43508.64 1051,%R1 1000,0 00
93000 725410 1.90:0 000 L1000 .00 - i
9.3u00D 790800 1esduyy 000 Linn N0 i b
9e4up0  7a.: 74 Dbty 27 LOH6, %1 B342R.RT 14/5,18  59596,624 !
9.4u00 74,073 6.1728 142%,45 _ AN74,807 1000.0 200 i
' 9,4000 74,u74  i,ub0e L NEN T Y
904000 74,74 I I s il , Q1 LU
I ‘]
: 9:5000 75,244 9%.2.2/ %474, 44 591,98  14/7.91 &7532.803% !
; 9.5400 75,845 €.4208 142u,49 1099,1%7 10U0. D <00 H
' Y5000 75.8047% 1.0000 iy N0 )
: ! 9.5060 75,648  1.u00h ohuh SE0n W20 :
! T 600U 77.62n0 5%49.,57 $277.80 ©135.4%9 14B3,49 55563,34p |
: 9.6u00 77.02n 6.4683  14311.76 1123.553 1000.0 <00
i 9.6000 77,620 t,0000 cono L1ou .00
] §.6000 77.620 1,9000 0D L000 (00
: 9.7u00 79,404 52108.7% 183,91 4995,37 148AR,89 53682,469
; Y7600 79,404 6:.0170 14048.74 1148,0A6 10000 <00
l 9.7vup0 79,404 1.uga L0 L1100 00
ir 9,700 79,404 1.0000 W Nigh L uon .00
T $.8000 81.192 5064.38 4996.43 48h1.,58 14%4,1y 518B84.89?
! 9.8000 81,193 8,7661  1394,9% 1177,668 1000.0 00
9.8u00 81.,19$ 1.8000 U0 00N « N0
$.8000 81.193 1.4000 000 000 .00
MUZZLE VFL, MAX, PRESSURE X AT PMAX T AT PMAX muy7 PRESSURE
1493,5 34043, - 5,213 4,4n0 4876,0
|
,, 6 I
- P
: 1
E !
£ : i
: : !
E | :
4 I I
E |
k o
E t [P . . U ——
E
E



R

Jer NP b - AETANE 1 R RPN PRI Ty 13208

—

AFFENDIX D

Comperison of Experimental and
Predicted Performance for
Typical 105mm Howitzer Firing
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